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At least one ν has m > 55 meV

Neutrino Physics Landscape
• Compelling evidence for	



! Neutrino flavor-changing oscillations	


! (therefore) finite neutrino masses	


! Mixing angles are well measured

• Open questions in ν  Physics:	


! How many neutrinos? 	



" Sterile neutrinos ? 	


! What is absolute scale of ν  mass ?	


! How are masses arranged ? 	


! Are neutrinos responsible for matter-

antimatter asymmetry ?	


! Majorana or Dirac neutrinos ? 	


! Is Lepton Number conserved ? 

Neutrino mass hierarchy

2
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Neutrinoless Double-Beta Decay

SM 2νββ decay τ ≥ 1019 y 0νββ τ ≥ 1025 y

3

0νββ

2νββ
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Neutrinoless Double-Beta Decay

• Observation of 0νββ  would mean	


! Lepton number violation	


! Neutrinos are Majorana particles	


! Rate measures (effective) electron neutrino mass

SM 2νββ decay τ ≥ 1019 y 0νββ τ ≥ 1025 y
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The measurable quantity is the half life:
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Γ =  1/τ = GF
2Φ(Q,Z) |M0ν|2 <mββ>

2

0νββ 
rate

 Phase  
space∝ Q5 Nuclear  

matrix element
Effective  

neutrino mass

high Q candidates preferred

large phase space low background

238U  γ end at 2.4 MeV
232Th γ end at 2.6 MeV

[2039 keV (76Ge) ⇔ 4271 keV (48Ca)] 
                         

0νββ Rate and Neutrino Mass

2νββ 
continuum

0νββ peak

sum electron energy / Q

6

τ0ν~1024–1026 years: large mass and extremely low backgrounds needed (underground labs, ultra 
purity materials, active rejection of backgrounds) 



 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 201523

0νββ signals & sensitivity

1/2
0νT⎡⎣⎢

⎤

⎦
⎥ ∝ε ff ⋅ Iabundance ⋅Source Mass ⋅  Time Background free

1/2
0νT⎡⎣⎢

⎤

⎦
⎥ ∝ε ff ⋅ Iabundance ⋅ Source Mass ⋅  Time

Bkg ⋅  ΔE Background limited

Note : Backgrounds do not always scale with detector mass

Half life
(years)

~Signal
(cnts/tonne-year)

1025 500

5x1026 10

5x1027 1

5x1028 0.1

08/13/2015 Yury Kolomensky: 0νββ NuFACT-2015, Rio de Janeiro
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Experimental Sensitivity

Experimental challenge: 	


# Increase Mass (200-1000 kg for current experiments): $$, R&D	


# Increase Isotopic Abundance: $$ 	


# Decrease Bkg (ultimately to 2νββ limit): radiopurity, active rejection 	


# Decrease 𝛥E: technology choice

 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 201523

0νββ signals & sensitivity

1/2
0νT⎡⎣⎢

⎤

⎦
⎥ ∝ε ff ⋅ Iabundance ⋅Source Mass ⋅  Time Background free

1/2
0νT⎡⎣⎢

⎤

⎦
⎥ ∝ε ff ⋅ Iabundance ⋅ Source Mass ⋅  Time

Bkg ⋅  ΔE Background limited

Note : Backgrounds do not always scale with detector mass

Half life
(years)

~Signal
(cnts/tonne-year)

1025 500

5x1026 10

5x1027 1

5x1028 0.1

(background-limited)

(background-free)

Half-life Expected Signal (counts/tonne-year)
5×10 ~100
5×10 ~10
5×10 ~1
5×10 ~0.1

Sensitivity scaling:
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F = GF2Φ(Q,Z)|M0ν|2 me2  [y-1]
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0νββ Isotopes: Figure of Merit 
(Want as high as possible)
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Diverse, Vibrant Program
9

 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 2015

0νββ decay Experiments - Efforts Underway
NLDBD Sub Committee Report to NSAC

29

Assembly of all 19 towers is complete

!17

Construction
Operation

J.F. Wilkerson
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Detection Techniques
10

 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 2015

0νββ Detection Techniques

28

Ionization 
Crystals:  
GERDA

MAJORANA

Tracking & Cal:  
SuperNEMO  

Scintillation  
 Liquid:  

KamLAND ZEN 
SNO+

 
CUPID (LUCIFER

LUMINEU, …)

TPC:  
EXO  

 NEXT

Phonons

Bolometer:
CUORE

J.F. Wilkerson

Source external to detector	


(NEMO, SuperNEMO)

Source internal to detector	


(most common)
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Current State of the Art: 136Xe
11

KamLAND-Zen (Japan)	


Xe-doped liquid scintillator	



383 kg of enriched 136Xe

EXO-200 (USA)	


LXe TPC	



200 kg of enriched 136Xe
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Current State of the Art: 136Xe
12

KamLAND-Zen (Japan)	


arXiv:1409.0077	



T1/2(136Xe)>2.6×1025 years

EXO-200 (USA)	


Nature 510, 229 (2014)	



T1/2(136Xe)>1.1×1025 years
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Next-Gen: KamLAND2-Zen
13

 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 2015

KamLAND2-Zen  130Xe

•Body Level One 

- Body Level Two 

• Body Level Three 

- Body Level Four 

• Body Level Five

46

From: K. Inoue

2015

Scintillation
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Next-Gen: nEXO
14

 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 2015

nEXO     136Xe

45

• 5'tonnes'of'enrXe'
• nEXO'5'yr'90%'CL'sensitivity:'T1/2'>'6.6·1027'yr'
• LXe'homogeneous'imaging'TPC'similar'to'EXOO200:'
O'baseline:'install'at'SNOLAB'(cosmogenic'background'reduced'wrt'EXOO200)'
O'simultaneous'measurement:''energy,'spatial'extent,'location,'particle'ID''
O'MultiOparameter'approach'improves'sensitivity:'strengthens'proof'in'case'of'discovery'
Oinverted'hierarchy'covered'with'a'well'proven'detector'concept'
Opossible'later'upgrade'for'Ba'retrieval/tagging:'start'accessing'normal'hierarchy

SingleOsite,

MultiOsite,

Mainly'signal,'
2ν'and'0ν

Mainly''
background

Deeper'into'fiducial'volume

Scintillation - Ionization
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Next-Gen: High-Pressure 136Xe TPC
15
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47

1% FWHM @ 662 keV!
→ 0.5% at Qββ

• HP136Xe TPC + EL for high  
E- resolution + tracking 
capability 

• Tonne-scale sensitivity:   
mββ < 15 meV in 10 t-y

NEW - 10 kg prototype at the LSC 

 BEXT          136Xe Scintillation - Ionization

• NEXT with a Magnetic field

NEXT (Spain): Electro-luminescence HPXe TPC	


10 kg (2015), 100 kg (2017), to tonne

PANDA-X III (China): Electron HPXe TPC	


200 kg (2017) to 1 tonne
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1% FWHM @ 662 keV!
→ 0.5% at Qββ

• HP136Xe TPC + EL for high  
E- resolution + tracking 
capability 

• Tonne-scale sensitivity:   
mββ < 15 meV in 10 t-y

NEW - 10 kg prototype at the LSC 

 BEXT          136Xe Scintillation - Ionization

• NEXT with a Magnetic field

Key features: 	


• Event topology (background 

suppression, kinematics)	


• Good energy resolution 

(significantly better than 
LXe)
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Current State of the Art: 76Ge
16

GERDA (Italy)	


Enriched HPGe array	



LAr active shield	


18 kg of enriched 76Ge (Phase I)	


40 kg of enriched 76Ge (Phase II)	



MAJORANA DEMONSTRATOR (USA)	


Enriched HPGe array	



High-purity electroformed Cu shield	


30 kg of enriched 76Ge	


15 kg of natural 76Ge
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GERDA Phase I Results
17

 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 2015

GERDA 76Ge Phase I (2014)

• 87% enriched 76Ge detectors (crystals) in LAr  

• Qββ=2039 keV   

• 14.6 kg of 86% enriched 76Ge (6 p-type semi-coax 
detectors from H-M & IGEX). (4.8 keV FWHM @ Qββ) 

• 3 kg of 87% enriched BEGe enriched detectors (5 
detectors) (3.2 keV FWHM @ Qββ) 

• Single-site, multi-site pulse shape discrimination                

31

GERDA Collaboration, PRL 111 (2013) 122503  
Eur. Phys. J. C (2014) 74:2764

• 21.6 kg-year exposure 

• Frequentist  
T1/2 > 2.1 x 1025 y (90% CL) 

• Bayesian 
T1/2 > 1.9 x 1025 y (90% CL)

Ionization
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R. Brugnera   -  EUNPC, Groningen  31 August 2015 11GERDA experiment 

Gerda Phase I:  0Gerda Phase I:  0  analysisanalysis
90% lower limit

 90% lower limit fom a profile likelihood fit
of 3 datasets; 

 Best fit: N0 = 0;
 No exess of signal events above the bkg;
 90% C.L. lower limit:       

T0
1/2 > 3.0 · 1025 yr @ 90% C.L. 

 the limit corriesponds to N0 < 3.5 cts; 
 median sensitivity (90%C.L.): > 2.4 · 1025 yr
 consistent results with a Bayesian analysis

 Adding to GERDA the other 76Ge 
experiments (HdM+IGEX):

  Ge combined: < mee> < 0.2 – 0.4 eV

Limits  on TLimits  on T00
1/21/2

T0
1/2 > 2.1 · 1025 yr @ 90% C.L. 

Discovery claim of Phys. Lett. B586, 184 (2004) 
refused by GERDA result: 
➢ with high probability:
    Bayes factor*:  P(H1/H0) = 0.024
         (* GERDA only) 
      H1 = claimed signal; H0 = background only     
    Bayes factor**: P(H1/H0) = 2·10-4    
          (** GERDA+IGEX+HdM) 
➢indpendently from nuclear matrix elements
➢independently from any physical process 

producing 0

PRL 111 (2013) 122503 

(Frequentist)
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(GERDA+IGEX+HdM)

R. Brugnera   -  EUNPC, Groningen  31 August 2015 9GERDA experiment 

Gerda Phase I:  0Gerda Phase I:  0  analysisanalysis
➢ Background components at Q


:

➢  -emitters (close): 214Bi, 208Tl (2/3)
➢  surface contaminations: 42K,  (1/3)

➢  Background model a flat background  
around Q



➢No intense -lines expected around Q


(spectra can be fitted with a flat bckg apart 
from lines 2104 keV and 2119 keV)

➢Background reduction tools:
➢ Anti-coincidence with the muon veto
➢ Anti-coincidence between detectors:

suppression of Multi Site Events (MSE)
respect to Single Site Events (SSE)

➢ Pulse shape discrimination (PSD)
➢ Cut MSE within one detectors and surface events
➢ Very efficient for BEGe detectors
➢ Accept > 90% SSE, while rejecting  90% of MSE and surface events
➢ Less efficient with coaxial detectors, but still doable (acc. 90%; suppr. 50%)

Signal Backgound

PRL 111 (2013) 122503
EPJC 73 (2013) 2583

EPJC 74 (2014) 2764  
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Signal Backgound

PRL 111 (2013) 122503
EPJC 73 (2013) 2583

EPJC 74 (2014) 2764  

Inconsistent with controversial discovery claim [PL B586, 184 (2004)]

R. Brugnera   -  EUNPC, Groningen  31 August 2015 10GERDA experiment 

Gerda Phase I:  0Gerda Phase I:  0  analysisanalysis

before PSD

after PSD

Full data set:  7 events in the blinded window               5.1 events expected (bkg only)
                         (± 5 keV around  Q


 )

                       3 events after PSD                                   2.5 events expected  (bkg only)    
                       0 events in Q

 
± E

PRL 111 (2013) 122503 
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Future 76Ge Experiment
18
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April 18, 2015

Large-Scale 76Ge
• MAJORANA and GERDA are working towards the establishment of a single 

international 76Ge 0νββ collaboration 

• Envision a phased, stepwise implementation; 
      e.g. 250 → 500 → 1000 kg 
                  5 yr 90% CL sensitivity: T1/2 > 3.2·1027 yr 
                 10 yr 3σ discovery: T1/2 ~ 3·1027 yr 

• Moving forward predicated on demonstration of projected backgrounds 
by MJD and/or GERDA 

• Anticipate down-select of best technologies, based on results of the two 
experiments

Compact shield Cryogenic shield

27

Ionization
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Compact shield Cryogenic shield

27

Ionization

J.F. Wilkerson
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130Te: SNO+
19

SNO+ will replace SNO D2O with 780 tonnes of LAB, loaded with natTe
Phase I (2017-): 160 kg 130Te (fiducial volume)	


• Scintillator running begins mid-2016	


• 0.3% Te loading begins early 2017	


Phase II: 2.2 tonnes 130Te	


• 3% loading of Te (already demonstrated)	


• Increased light yield (PMT upgrade, 

wavelength shifter) 	


• Containment bag for Te fiducial volume

SNO+ Phase I SNO+ Phase II
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Concept paper: arXiv:1409.5864

THEIA: multi-purpose ν detector
20

G.D. Orebi Gann
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Light yield as a function of LS 
fraction, D. Jaffe et al., BNL

Concept paper: arXiv:1409.5864

THEIA: multi-purpose ν detector
20

G.D. Orebi Gann



08/13/2015 Yury Kolomensky: 0νββ NuFACT-2015, Rio de Janeiro

Light yield as a function of LS 
fraction, D. Jaffe et al., BNL

Concept paper: arXiv:1409.5864

THEIA: multi-purpose ν detector
20

G.D. Orebi Gann



08/13/2015 Yury Kolomensky: 0νββ NuFACT-2015, Rio de Janeiro

Light yield as a function of LS 
fraction, D. Jaffe et al., BNL

➾ 3σ discovery for     
mββ=15meV in 10 yrs

Concept paper: arXiv:1409.5864

THEIA: multi-purpose ν detector
20

G.D. Orebi Gann



08/13/2015 Yury Kolomensky: 0νββ NuFACT-2015, Rio de Janeiro

Light yield as a function of LS 
fraction, D. Jaffe et al., BNL

➾ 3σ discovery for     
mββ=15meV in 10 yrs

Water-based liquid scintillator: 
separation of Cherenkov and 

scintillation signals

Concept paper: arXiv:1409.5864

THEIA: multi-purpose ν detector
20

G.D. Orebi Gann



08/13/2015 Yury Kolomensky: 0νββ NuFACT-2015, Rio de Janeiro

Light yield as a function of LS 
fraction, D. Jaffe et al., BNL

➾ 3σ discovery for     
mββ=15meV in 10 yrs

Water-based liquid scintillator: 
separation of Cherenkov and 

scintillation signals

Reject dominant background 
from solar neutrinos

Concept paper: arXiv:1409.5864

THEIA: multi-purpose ν detector
20

G.D. Orebi Gann



08/13/2015 Yury Kolomensky: 0νββ NuFACT-2015, Rio de Janeiro

Light yield as a function of LS 
fraction, D. Jaffe et al., BNL

➾ 3σ discovery for     
mββ=15meV in 10 yrs

Water-based liquid scintillator: 
separation of Cherenkov and 

scintillation signals

Reject dominant background 
from solar neutrinos

50kt detector	


0.5% loading natTe	


50t 130Te in fid vol

Concept paper: arXiv:1409.5864

THEIA: multi-purpose ν detector
20

G.D. Orebi Gann



08/13/2015 Yury Kolomensky: 0νββ NuFACT-2015, Rio de Janeiro

130Te: CUORE
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750 kg TeO2  =>  200 kg 130Te

Array of 988 TeO2 cryogenic bolometers	


$ 19 towers suspended in a cylindrical structure	


$ 13 levels, 4 crystals each 	



$ 5x5x5 cm3 (750g each)	


$ 130Te: 33.8% natural isotope abundance	


!
$ New pulse tube refrigerator and cryostat: 	



$ Coldest m3 in Universe (~10 mK)	


$ Radio-purity techniques and high resolution achieve low 

backgrounds	


$ Joint venture between Italy (INFN) and US (DOE, NSF) 	


$ Under construction (expected start of operations by end 

of 2015)	


$ Expect energy resolution of 5 keV FWHM and 

background of ~0.01 counts/(kg*keV*year) in ROI	



Demonstrated 5 keV energy resolution 

•  < 5 keV resolution routinely achieved in our R&D runs.  

•  Obvious temperature dependence.  

•  CUORE’s new cryostat 
–  10 mK base temperature ! higher signal 

–  Independent suspension of the detector array from the 
dilution unit. ! smaller noise 
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R&D Runs: CCVR CUORE baseline 

TAUP Asilomar, Sept 11 2013 4 Ke Han (Berkeley Lab) for CUORE 
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The CUORE Program
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Cuoricino CUORE CUORE-O 
2003–2008! 2013–2015! 2015–2020!
11 kg 130Te! 11 kg 130Te! 206 kg 130Te!

3 

CUORE'program'

COMPLETE Complete Operating Under Construction
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CUORE-0
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24 

CUORE;0'

►  First tower from the CUORE detector assembly line!

►  52 TeO2 crystals, total mass = 39 kg TeO2 = 10.9 kg 130Te!

►  Purpose:!

1.  Commission assembly line!

2.  Run as standalone experiment while CUORE is being 

constructed, with aim of surpassing Cuoricino!
3.  Validate CUORE detector design!

4.  Provide test bed for developing DAQ & analysis 

framework for CUORE"

!
►  Operating in former Cuoricino cryostat since March 2013!
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Energy Resolution
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Energy'resolu@on'

►  We evaluate the energy resolution for each bolometer and dataset by fitting the   "
    208Tl photopeak in the calibration data!

►  We achieved the 5 keV resolution goal of CUORE!!

CUORE-0 
Preliminary 

CUORE-0 
Preliminary 

Bolometer;dataset'FWHMs'@'2615'keV'

FWHM'harmonic'
mean'(keV)'

FWHM'dist'
RMS'(keV)'

Cuoricino' 5.8' 2.1'

CUORE;0' 4.9' 2.9'

Weight'FWHMs'
by'corresponding'
physics'exposure'
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Backgrounds'

Experiment! Background rate (counts/keV/kg/y)!

0νββ decay region! Alpha region (excl. peak)!

Cuoricino! 0.169 ± 0.006! 0.110 ± 0.001!

CUORE-0! 0.058 ± 0.004! 0.016 ± 0.001!

CUORE-0 
Preliminary 
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Fit'to'the'unblinded'ROI'
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9.8 kg-yr 130Te exposure (2013–2015) !

2527.5 keV 

60Co 

Fitted background:!

Best-fit decay rate:!

0.058 ± 0.004 (stat.) ± 0.002 (syst.) counts/keV/kg/yr 

Γ0νββ (130Te) = 0.007 ± 0.123 (stat.) ± 0.012 (syst.) × 10–24 yr–1 

CUORE-0 
Preliminary 

90% C.L. limits (Bayesian):
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Systema@cs'

Γ0νββ (130Te) < 0.25 × 10–24 yr–1 (90% C.L., stat.+syst.) 

        (130Te) > 2.7 × 1024 yr (90% C.L., stat. + syst.) 
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After accounting for systematic uncertainties we report the Bayesian limits: !

5

peak, we determine the yield of 0⌫�� decay events316

from a simultaneous UEML fit [30] in the energy region317

2470–2570 keV (Fig. 3). The fit has three components:318

a posited signal peak at Q��, a peak at ⇠ 2507 keV319

from 60Co double-gammas, and a smooth continuum320

background attributed to multiscatter Compton events321

from 208Tl and surface decays [31]. We model both322

peaks using the established lineshape. For 0⌫�� decay,323

the µb,d(Q��) are fixed at the expected position (i.e.,324

87.015 keV+�µ(Q��) below the µ̂b,d, where 87.015 keV325

is the nominal energy di↵erence between Q�� and the326

208Tl line); the �b,d are fixed to be 1.05 ⇥ �̂b,d; the �b,d327

and ⌘d,b are fixed to their best-fit calibration values; the328

0⌫�� decay rate is treated as a global free parameter.329

The 60Co peak is treated in an similar way except that a330

global free parameter is added to the expected µb,d to ac-331

comodate the anomalous double-gamma reconstruction.332

Furthermore the 60Co yield, although a free parameter,333

is constrained to follow the 60Co half-life [29] since 60Co334

was cosmogenically produced at sea level and is not re-335

plenished underground. Within the limited statistics the336

continuum background can be modeled using a simple337

slowly-varying function. We use a zeroth-order polyno-338

mial as the default choice but also consider first- and339

second-order functions.340

The ROI contains 233 candidate events from341

a total 130Te exposure of 9.8 kg·yr. The re-342

sult of the UEML fit is shown in Fig. 3.343

The best-fit value for the 0⌫�� decay rate is344

�0⌫ = 0.007± 0.123 (stat.)± 0.012 (syst.)⇥ 10�24yr�1,345

the background index in the ROI is346

0.058± 0.004 (stat.)± 0.002 (syst.) counts/(keV·kg·yr).347

We evaluate the goodness-of-fit by comparing the value348

of the binned �2 in Fig. 3 (43.8 for 46 d.o.f.) with the349

distribution from a large set of pseudo-experiments with350

233 Poisson-distributed events in each, and generated351

with the best-fit values of all parameters. We find that352

90% of such experiments return a value of �2 > 43.8.353

The data are also compatible with this set of pseudo-354

experiments according to the Kolmogorov-Smirnov355

metric. Finally, we observe that none of the positive and356

negative fluctuations about the best-fit function have357

significance greater than 3�, and that the probability358

to observe the largest such fluctuation anywhere in the359

100-keV ROI is ⇠ 10%.360

We find no evidence for 0⌫�� of 130Te and set a 90%361

C.L. Bayesian upper limit on the decay rate using a uni-362

form prior distribution (⇡(�0⌫) = 1 for �0⌫ >= 0) at363

�0⌫ < 0.25 ⇥ 10�24 yr�1 or T 1/2
0⌫ >2.8 ⇥ 1024 yr (statis-364

tical uncertainties only). The median 90% C.L. lower-365

limit sensitivity for T 1/2
0⌫ is 2.9 ⇥ 1024 yr. The proba-366

bility to obtain a more stringent limit than the one re-367

ported above is 54.7%. Including the systematic uncer-368

tainties which are described below, the 90% C.L. limits369

are �0⌫ < 0.25⇥ 10�24 yr�1 or T 1/2
0⌫ > 2.7⇥ 1024 yr.370

To estimate systematic uncertainties we perform a371

large number of pseudo-experiments with both zero and372
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FIG. 4. Profile negative log-likelihood curves for CUORE-0,
Cuoricino [16–18], and their combination.

non-zero signal. We find that our UEML analysis has373

negligible bias on �0⌫ . To estimate the systematic er-374

ror from the lineshape choice we repeat the analysis of375

each pseudo-experiment with single-gaussian and triple-376

gaussian lineshapes and study deviation of the best-fit377

decay rate from the positied decay rate as a function378

of posited decay rate. We also propagate the 5% un-379

certainty on ↵�(Q��) and the 0.12 keV energy scale un-380

certainty using this approach. Following [32], we treat381

the choice of zeroth-, first-, or second-order polynomial382

for the continuum background as a discrete nuisance pa-383

rameter in the analysis of each psuedo-experiment. The384

resultant systematic uncertainties are summarized in Ta-385

ble I.386387

TABLE I. Systematic uncertainties on �0⌫ in the limit of zero
signal (Additive) and as a percentage of nonzero signal (Scal-
ing).

Additive (10�24 y�1) Scaling (%)
Lineshape 0.007 1.3
Energy resolution 0.006 2.3
Fit bias 0.006 0.15
Energy scale 0.005 0.4
Bkg function 0.004 0.8
Signal normalization 0.7%

388
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We combine our data with an existing 19.75 kg·yr ex-390

posure of 130Te from Cuoricino [18]; the ROI background391

was 0.169 ± 0.006 counts/(keV · kg · y), and the mean392

and RMS FWHM energy resolution of the detectors were393

6.9 keV and 2.9 keV, respectively. The profile likelihoods394

are shown in Fig. 4. The combined 90% C.L. limit is395

T 0⌫
1/2 > 4.1⇥ 1024 yr which is the most stringent limit to396

date on this quantity. For comparison, the 90%C.L. fre-397

quentist limits [33] are 2.9 ⇥ 1024 yr for CUORE-0 only398

and 4.3⇥ 1024 yr for the combination with Cuoricino.399

Using [34–49], we interpret our combined Bayesian400

half-life result as a limit on the e↵ective Majorana neu-401
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After accounting for systematic uncertainties we report the Bayesian limits: !
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tainties which are described below, the 90% C.L. limits369
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and RMS FWHM energy resolution of the detectors were393

6.9 keV and 2.9 keV, respectively. The profile likelihoods394

are shown in Fig. 4. The combined 90% C.L. limit is395
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and 4.3⇥ 1024 yr for the combination with Cuoricino.399

Using [34–49], we interpret our combined Bayesian400

half-life result as a limit on the e↵ective Majorana neu-401

)-1 y-24Decay Rate (10
0.2− 0 0.2 0.4 0.6

Pr
of

ile
 N

LL

0

2

4

6

8

10

12

14

16

18
CUORE-0 stat only
CUORE-0 stat+syst
Cuoricino stat+syst
CUORE-0 + Cuoricino combination

63 

Combining'Cuoricino'&'CUORE;0'

Combining the CUORE-0 result with the Cuoricino result from 
19.75 kg-yr of 130Te exposure yields the Bayesian lower limit:!

(130Te) >  4.0 × 1024 yr  (90% C.L.) 
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CUORE-0 
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CUORE-0+Cuoricino limit:

60Co
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Figure 1: CUORE-0 background-fluctuation sensitivity at 1σ for
two different values of the background rate in the region of inter-
est, 0.05 cts/(keV kg y) (solid line) and 0.11 cts/(keV kg y) (dotted
line), representing the range into which the CUORE-0 background
is expected to fall.

of 0.11 cts/(keVkg y) follows from scaling the Cuoricino
background in the conservative case, described above, of a
factor of 2 improvement in crystal and copper contamina-
tion.

A plot of the expected 1σ background-fluctuation sen-
sitivity of CUORE-0 as a function of live time in these two
bounding cases is shown in Fig. 1. Tab. 3 provides a quan-
titative comparison between 1σ background-fluctuation sen-
sitivities (as shown in Fig. 1), 1.64σ background-fluctuation
sensitivities, and 90% C.L. average-limit sensitivities for
CUORE-0 at several representative live times. The antic-
ipated total live time of CUORE-0 is approximately two
years; for this live time at the 0.05 cts/(keVkg y) back-
ground level, B(δE) ∼ 20 cts, meaning that the Poisson-
regime calculation is really necessary in this case because it
differs from the Gaussian-regime approximation by > 10%
(see Sec. 2.2).

CUORE, in addition to the new crystals and frames
already present in CUORE-0, will be assembled as a 19-
tower array in a newly constructed cryostat. The change
in detector geometry will have two effects. First, the large,
close-packed array will enable significant improvement in
the anticoincidence analysis, further reducing crystal-related
backgrounds. Second, the fraction of the total crystal sur-
face area facing the outer copper shields will be reduced by
approximately a factor of 3. In addition to these consider-
ations, the new cryostat will contain thicker lead shielding
and be constructed of cleaner material, which should result
in a gamma background approximately an order of magni-
tude lower than that in the Cuoricino cryostat. Based
on the above considerations and the Cuoricino results,
CUORE is expected to achieve its design background value
of 0.01 cts/(keVkg y). A comprehensive Monte Carlo sim-
ulation that includes the most recent background measure-
ments is currently ongoing.

An overview of the 1σ background-fluctuation sensitiv-
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Figure 2: 1σ expected background-fluctuation sensitivities for the
CUORE-0 (dotted line) and CUORE (solid line) experiments, cal-
culated from Eq. (9) and Eq. (3) with the experimental parameters
shown in Tab. 2. The Cuoricino 1σ sensitivity calculation (dashed
line) is discussed in Sec. 3.

ities of the Cuoricino, CUORE-0, and CUORE TeO2 bolo-
metric experiments is shown in Fig. 2. The Cuoricino 1σ
sensitivity calculated in Sec. 3 is shown for reference. A
1σ half-life sensitivity close to 1025 years is expected from
2 years’ live time of CUORE-0. Once CUORE starts data-
taking, another order of magnitude improvement in sensi-
tivity is expected in another two years.

A plot of the CUORE experiment’s sensitivity as a
function of the live time and exposure is shown in Fig. 3.
Tab. 4 provides a quantitative comparison between 1σ
background-fluctuation sensitivities (as shown in Fig. 3),
1.64σ background-fluctuation sensitivities, and 90% C.L.
average-limit sensitivities for CUORE at several repre-
sentative live times. The anticipated total live time of
CUORE is approximately five years; for this live time at
the design goal background level, B(δE) ∼ 190 cts, mean-
ing that the Gaussian approximation would still be valid
in this case. The sensitivity values we show in this pa-
per nevertheless differ from those previously reported by
the experiment [16, 17], but this ∼ 25% difference can be
attributed to the inclusion of the signal fraction f(δE),
which has not previously been considered.

As mentioned previously, estimates of the CUORE back-
ground are currently based on measured limits, not mea-
sured values. While there are promising indications that it
may perform even better than its design value of
0.01 cts/(keVkg y), it is also likely that background rates
of 0.001 cts/(keVkg y) or below cannot be reached with
the present technology. Even so, R&D activities are al-
ready underway pursuing ideas for further reduction of
the background in a possible future experiment. Tech-
niques for active background rejection are being investi-
gated [46, 47]) that could provide substantial reduction
of the background. Sensitivities for a scenario with 0.001
cts/(keVkg y) in a CUORE-like experiment are given in
Fig. 3 and Tab. 4.
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• Detector: all towers assembled, in underground storage	


• Cryostat and dilution unit: commissioning, reached 6 mK base 

temperature 	


• Expect to start operations by the end of the year	


• 5-year sensitivity: T1/2(130Te)>9.5×1025 years, m𝛽𝛽<52-120 meV
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CUORE 90% C.L. sensitivity
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CUORE Upgrade with Particle ID (CUPID)

• Next-generation bolometric tonne-scale experiment	


• Based on the CUORE design, CUORE cryogenics	


• 988 enriched (90%) crystals, PID with light detection	



! 4 crystals considered:	


"  TeO2 : phonons + Cherenkov detector	



"  Options: ZnSe, ZnMoO4, CdWO4 (phonons+scintillation)	



!
• Sensitivity to entire IH region	



" CUORE geometry and background model	



" 99.9% α rejection @  >90% signal efficiency 	



" 5 keV FWHM resolution 	



"  Challenge: nearly zero background measurement:                         background goal <0.02 events / 
(ton-year)	



"Half-life sensitivity (2-5)×1027 years in 10 years (3𝜎)	



"m𝛽𝛽 sensitivity 6-20 meV (3𝜎)

Table 4: IHE characteristics for the di�erent �� candidates. For each isotope we quote the
type of scintillating crystal, the total mass of a 988 5�5�5 cm3 crystal array, the number of
�� candidates, the anticipated number of decays in 5 years (N0⇥��) for both the most and
the least favourable values of FN among those discussed in Section 2.2 for |mee| = 50 meV
and |mee| = 10 meV. We assume a 90% isotopic enrichment in the �� emitting isotope. The
last column is the 5 year sensitivity at 90% CL under the zero background hypothesis (see
Eq. (6)).

Isotope Crystal Mass N�� N50meV
0⇥�� N10meV

0⇥�� 5 y sensitivity
[kg] [cnts] [cnts] [y]

82Se ZnSe 664 2.4�1027 10 - 85 0.4 - 3.4 2.1�1027

116Cd CdWO4 985 1.5�1027 13 - 44 0.5 - 1.8 1.5�1027

100Mo ZnMoO4 540 1.3�1027 12 - 99 0.5 - 4 1.1�1027

130Te TeO2 751 2.4�1027 13 - 89 0.5 - 3.6 2.5�1027

Figure 5: Drawing of the IHE geometry, as implemented in the MC simulation: 988 bolome-
ters (5�5�5 cm3 each) arranged in a close-packed array held by a copper structure, a low
temperature refrigerator made of few nested copper thermal shields, a 10 cm thick internal
copper vessel shields, a 30 cm thick lead disk placed just above the detector, a 30 cm thick
external lead shield, and a 20 cm thick borated polyethylene shield.
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Figure 3: Operating principle of a scintillating bolometer. The release of energy inside a
scintillating crystal follows two channels: light production and thermal excitation.

3. The isotopic abundance can be maximized through enrichment (except for268

48Ca with present technology);269

4. As discussed later in this paper, the background can be minimized with a270

choice of the isotope and by employing active rejection techniques.271

The CUORE experiment represents the most advanced stage in the use of272

bolometers for 0⌅⇥⇥ searches. CUORE will consist in an array of �1000 crystals273

for a total mass of �1 ton of TeO2 and �200 kg of 130Te. It is expected to274

be taking data at Laboratori Nazionali del Gran Sasso (LNGS) in 2015. The275

sensitivity of CUORE will depend on the background level, but will likely be276

near 50 meV [44]. In the future CUORE may lead the way toward a few-ton277

scale experiment capable of either exploring the entire IH region, or making a278

precision measurement of T 0�
1/2.279

3.1. Scintillating bolometers280

In the previous section we enumerated the many advantages of using bolome-281

ters for 0⌅⇥⇥ searches. Among those, we mentioned the possibility to actively282

reject radioactive background via particle identification; this is possible employ-283

ing scintillating bolometers.284

Scintillating bolometers, used in recent years both for 0⌅⇥⇥ [45, 46] and for285

dark matter [47, 48] searches, provide a mechanism to distinguish � interactions286

(which are part of the background only) from ⇥/⇤ interactions (which can be a287

part of both the background and signal).288

10
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R. Artusa et al., Eur.Phys.J. C74, 3096 (2014)	


White papers: arXiv:1504.03599 & arXiv:1504.03612

Subject of focused R&D effort in next 2-3 years



08/13/2015 Yury Kolomensky: 0νββ NuFACT-2015, Rio de Janeiro

82Se: SuperNEMO
29

 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 2015

•Thin foil with tracking and calorimeter, based on successful NEMO3 detector.

•Planar and modular design: ~ 100 kg of enriched isotopes 
  (20 modules × ~5-7 kg)

•Starting with single Demonstrator module, (7 kg of 82Se) to show scalability

•T0ν1/2 > 6.5 x1024 y → ⟨mν⟩ < 0.20 - 0.40 eV @ (90 % C.L.)

•SuperNEMO

•100 kg of 82Se running for 5 years

•T0ν1/2 > 1 x 1026 y  (90 % C.L.)  ⟨mν⟩ < 40-100 meV

•T0ν1/2 = 2 x 1025 y (5σ)

Demonstrator (1 module):   
Source (40 mg/cm2)   4 x 3 m2 

    Tracking : drift chamber ~2000 cells in 
                     Geiger mode
  Calorimeter: scintillators + PMTs  
       ~550 PMTs+scint. blocks 
  Passive water shield

SuperNEMO 82Se

41

Ionization & Cal.

20 Modules  100 kg
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International 0𝜈𝛽𝛽 Program 
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International Program in 0νββ 

49

Previous Expts.  
T1/2 ~1024 y 

(~ 1 eV)
~kg scale

Quasi-degenerate 
T1/2 ~1025-1026 y 

(~100 meV)  
30 - 200 kg  

~8 expts 

2007  -  2017 2015  -  20251980 - 2007
J.F. Wilkerson
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Previous Expts.  
T1/2 ~1024 y 

(~ 1 eV)
~kg scale

Quasi-degenerate 
T1/2 ~1025-1026 y 

(~100 meV)  
30 - 200 kg  

~8 expts 

2007  -  2017 2015  -  20251980 - 2007

Program to study multiple 0νββ 
isotopes, using various techniques  

200-500 kg scale

If 0νββ 
ObservedIf 0𝜈𝛽𝛽 observed

J.F. Wilkerson
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DBD and Neutrino Mass
31

The measurable quantity is the half life:
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DBD and Neutrino Mass
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DBD and Neutrino Mass
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Exciting future ahead !
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Many Thanks
32

S. Elliot, B. Fujikawa, J.J. Gomez-Cadenas, G. Gratta, 
X. Ji, J. Klein, G.D. Orebi Gann, B.Schwingenheuer, 

J.F. Wilkerson, L. Yang, and others
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Backup
33
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Possible Evidence: Klapdor et al
• Heidelberg-Moscow Ge experiment	



! 11 kg of enriched 76Ge, 72 kg*y exposure	


! Fraction of the collaboration (KKDC) claim discovery 	


" Klapdor et al., Phys. Lett B 586 (2004) 198

T = (0.7 - 4.2) x 1025 years (3σ C.L.) 	


mββ = (0.2 - 0.6) eV (3σ C.L.)	


mββ best = 0.28 eV	


4.2σ claim

signal

Intriguing, but not universally 
accepted… 

34
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Klapdor et al. Phys. Lett. B 586 (198) 2004

5 HP-Ge diodes: 10.9 kg (86% enriched 76Ge)

Exposure: 53.9 kg y (1990-2001)  

#EFWHM~ 4 keV @ Q
$$

 ~2039 keV 

'0!
1/2 > 1.9 ·1025 y  ⇔〈m$$〉< 0.35 eV

Exposure: 71.7 kg y(1990-2003)

Bkgd ~ 0.11 counts/keV/kg/y 

         '0!
1/2 = 1.2 ·1025 y

                     ⇔

       〈m$$〉= 0.44 eV

source = detector

0!$$
After pulse shape	



analysis
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• Diagonal lines represent 
different matrix element 
calculations.	



GERDA Collaboration, arXiv:1307.4720

 76Ge vs 136Xe
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Near Future: GERDA Phase II
36

R. Brugnera   -  EUNPC, Groningen  31 August 2015 13GERDA experiment 

Gerda Phase IIGerda Phase II  
● Target: push T1/2 sensitivity into the 1026 yr range 

●  Increase the exposure: 20 kg·yr fi 100  kg·yr
●  Reduce background: 10-2 cts/keV·kg·yr fi10-3 cts/keV·kg·yr
 

● Mass increase: +30 enriched BEGe detectors 
●  already produced (by CANBERRA) and tested (at HADES)
●  5 already tested during Phase I
 

●×10 background reduction
● new HV and signal cabling with 

improved radiopurity and Rn emanation
● new FE electronics
● PSA discrimination with BEGe's
● Liquid argon veto instrumentation to 

detect scintillation light
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MJD Overview
• Assembly and construction proceeding at Sanford Davis Campus laboratory. 
• Based on assays, material backgrounds projected to meet cleanliness goals. 
• Module 1 complete. 
• EF copper just completed at SURF and PNNL. 
• Shield nearly complete. 
• Successful reduction and refinement of enrGe with 98% yield.  
• AMTEK (ORTEC) has produced 29.7 kg within 35 detectors from the 

reduced/refined enrGe. All are underground at SURF being assembled into 
strings.

Commissioning Schedule 
– Prototype Cryostat: decommissioned 
– Module 1 – May 2015, operating 
– Module 2 – Late 2015

37

S. Elliot
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MJD Projected Backgrounds
38
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Cryogenic Bolometers
• Dielectric diamagnetic materials	


• Low temperatures (~10mK)	


• Low heat capacity 	



! C~2 nJ/K = 1 MeV / 0.1 mK

5cm

   Heat sink
Cu Frame

Crystal absorber
Te02

Event 	


(deposited energy)

       1000           2000          3000          4000

A
m

pl
itu

de
 (a

.u
.)

Signal: ΔT = E/C ~ 0.1mK	


Time constant  = C/G

Time (ms)

Single pulse example

Thermal coupling
Teflon

Teflon

G = 4 pW/mK

Thermometer

NTD Ge

NTD Ge

100-200 µV/MeV

39
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Total detector mass: 40.7 kg TeO2 ⇒ 11.34 kg 130Te

Cuoricino, the prototype for CUORE

11 modules, 4 detector each,	


crystal dimension: 5x5x5 cm3	



crystal mass: 790 g	


44 x 0.79 = 34.76 kg of TeO2

2 modules x 9 crystals each	


crystal dimension: 3x3x6 cm3	



crystal mass: 330 g	


18 x 0.33 = 5.94 kg of TeO2

Encased in a cryostat, lead shield, nitrogen box, neutron shield, and Faraday cage

Bolometer detectors	


Cooled to 10mK

40

Gran Sasso National Lab (Italy)
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Cuoricino Results (2010)
Exposure 	



= 19.6 kg y 	


!

Resolution: 	


FWHM at 2615 keV ~7 keV 	



!
Background: 	



In the ββ0ν region (large crystals) 	


= 0.153 ± 0.006 counts /(keV kg y)

No peak found	


τ0ν1/2 > 2.8⨯1024 y at 90% C.L.	



mββ  < 0.3 – 0.7 eV
Spread is due to a range of published matrix elements
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Figure 9: Left panel: best fit, 68% and 90% confidence intervals for the total statistics (RUN I+RUN II) superimposed to the CUORICINO sum spectrum of the
three groups of crystals (each scaled by efficiency and exposure) in the 0νββ region. (The purpose of the plot is to give a pictorial view of the result, indeed the fit is
done separately on 6 spectra whose likelihood are combined, as described in the text). Right panel: negative profile of the combined log likelihoods of RUN I and
RUN II before (blue) and after (red) the systematic uncertainty is included.

root of the exposure, i.e. we would expect an improvement of520

about a factor 1.3 which is by far smaller than the spread in521

the 90% C.L. limits that different experiments (with the same522

exposure and sensitivity) can yield (figure 8). This is the rea-523

son why we prefer to quote the sensitivity of the experiment524

together with the limit. It has to be mentioned also that in paper525

[12] we used the old value of the 130Te transition energy. This526

was defined with a much larger error and a slightly higher cen-527

tral value. On the same statistics used for [12] the use of the528

new result for the transition energy (with its small error) pushes529

the limit toward a lower half-life.530

The inclusion of the systematic error modifies the likelihood
profile for our data as shown in the right panel of figure 9. The
profile can be considered the χ2 of our fit as a function of all the
possible Γ0ν. Thus we will refer to it as χ2stat. If we rely on the
hypothesis that our knowledge of Γ0ν is smeared - near the best
fit values - by a gaussian systematic uncertainty of magnitude
σstat, the total χ2tot will be:

1
χ2tot
=

1
χ2stat

+
1
χ2syst

(5)

where χ2syst simplest approximated form is:

χ2stat =

(

Γ0ν − Γ0νbest
)2

σ2syst
(6)

With this modification of our χ2 and being the systematic
uncertainty small compared to the statistical error, we obtain a
slightly weaker limit on the half life:

τ0ν1/2 ≥ 2.8 × 10
24y

We present also, as it is a standard approach in 0νββ literature,
the 95% confidence level limit on τ0ν1/2 including systematics:

τ0ν1/2 ≥ 2.3 × 10
24y

9. Conclusion531

In this paper we have presented the CUORICINO final re-532

sult on 130Te 0νββ decay obtained with a statistics of 19.6533

kg (130Te ) y, including for the first time a detailed study of sys-534

tematics. A half life limit of 2.8 1024 y at 90% C.L. is obtained535

(2.9 1024 y if systematics are not included), to be compared536

(as discussed in section 6.2) with an experimental sensitivity of537

∼2.6 1024 y. This number can be converted in an upper limit538

on mee using the theoretical NME evaluation for 130Te nucleus.539

We report here results obtained using the most recent nuclear540

calculation found in literature:541

• 300-570 meV using the Quasiparticle Random Phase Ap-542

proximation (QRPA) evaluations of reference [5]543

• 360-580meV using the QRPA evaluations of reference [6]544

• 570-710 meV using the Shell Model (SM) evaluations of545

reference [7]546

• 350-370 meV using the Interacting Boson Model (IBM)547

evaluations of reference [8]548

Note that, for each reference, a range (and not a single value)549

for mee is presented because of the different results on the NME550

obtained by the authors when e.g. varying the treatment of the551

short range correlations or the value of gA (the axial-vector cou-552

pling). A final range for the 90% C.L. upper bound on mee can553

thus be considered the interval 300-710 meV (at 95% C.L. this554

becomes 340-780 meV).555

In table 5 we compare this result with the most stringent556

90% C.L. half-life lower limits present in literature. For each557

experimental result we report the mee range obtained with the558

NME evaluations here considered. Despite the differences aris-559

ing from the use of the one or the other NME, it is evident560

how CUORICINO is one of the most sensitive experiment per-561

formed so far.562

9
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E. Andreotti et al., Astr. Phys. 34, 822 (2011)
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Fit'to'the'unblinded'ROI'
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9.8 kg-yr 130Te exposure (2013–2015) !

60Co 

►  We perform a simultaneous unbinned extended ML fit to range [2470, 2570] keV!

►  Fit function has three components:!

!   Calibration-derived lineshape modeling posited 0νββ peak fixed at 2527.5 keV!
!   Calibration-derived lineshape modeling 60Co peak floated around 2505 keV!
!   Continuum background!

2527.5 keV CUORE-0 
Preliminary 
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CUORE background goals now demonstrated
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Cherenkov Detection in TeO2
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The Cherenkov light detection TES-Light detector  

130 eV @2615 keV 

D 

β/J Results obtained with collaboration of  
Max-Plank Munich and lucifer, using 
a 4 cm dia, 4 cm height 285 g TeO2 crystals 

Transition Edge Sensors (TES) (CRESST) 

¾ ΔE  <  20  eV  

¾ Complicated readout:  

¾ SQUID amplifiers. 

¾ scaling needs R&D 

K. Schäffner et al., Astrop. Phys. 69 (2015) 30 
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The Cherenkov light detection TES-Light detector  

130 eV @2615 keV 

D 

β/J Results obtained with collaboration of  
Max-Plank Munich and lucifer, using 
a 4 cm dia, 4 cm height 285 g TeO2 crystals 

Transition Edge Sensors (TES) (CRESST) 

¾ ΔE  <  20  eV  

¾ Complicated readout:  

¾ SQUID amplifiers. 

¾ scaling needs R&D 

K. Schäffner et al., Astrop. Phys. 69 (2015) 30 K. Schaeffner et al, Astrop. Phys. 69, 30 (2015)

Event-by-event 𝛼/𝛽  discrimination 	


requires light detectors with ~15-20 eV 	


resolution	


TES-based light detectors: promising start	


CRESST/LUCIFER: W-based detectors	


US (Berkeley/Argonne): bilayer TES 
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Scintillating Bolometer R&D
45Zn82Se : Lucifer (first CUPID demonstrator) 

Low-­‐‑background Underground Cryogenics Installation For Elusive Rates 

Goal: to reach a decay of few 1025 y and demonstrator for a background free experiment 

Lucifer will be composed by an array of  32 enriched (95%)  Zn82Se crystals. Total 82Se nuclei will be   |4.3)1025 

The expected background in the ROI (2995 keV) is of the order of 1y2 10-3 c/keV/kg/y  

The energy resolution of the single detector is expected to be  a10÷20  keV FWHM 

JW Beeman et al.,  Advan. in High Energy Phys 2013,  237973 

ZnSe  crystals D discrimination 
The D-induced background is recognized through two independent measurements: 1) the decay time of the 
scintillating signal 2) the different scintillation yield between D and J/E particles  (the  “usual”  light  Vs  Heat  
scatter plot)     

E/J scintillation 

D-scintilaltion 

Direct ionization 

(1) Decay time of the scintillation light 

ZnSe crystals  shows  an  “inverse”  QF,  i.e.  D-particles scintillate more than E/J’s 

(2) Light Vs Heat scatter Plot 
“Ionization  coincidences”  between   
Ge light detector and ZnSe 

JW Beeman et al., JINST 8  (2013) P05021 

(C. Arnaboldi et al.,   Astrop. Phys. 34(2011) 

100Mo-Based compounds- LUMINEU 

LUMINEU is an ANR funded pilot experiment to demonstrate the feasibility of Zn100MoO4 
scintillating bolometers  using 1 kg of 100Mo. 
Crystals grown in NIIC(Russia) using  Low Thermal Gradient CZochralski  technique (LTGCz) 

Two ~340g Zn(nat)MoO4 tested underground 
Two ~60g Zn(100)MoO4  (99% enriched) tested above ground 

Luminescent Underground Molybdenum Investigation for NEUtrino mass and nature 

A. S. Barabash et al.,  Eur. Phys. J. C  74 (2014) 3133 

9 Mo purified by double sublimation & recrystallization  
     from solution (arXiv:1312.3515) 
9 Excellent  radiopurity, U, Th < 4PBq/kg 
9  Crystal growth yield 85 % 
9 Irrecoverable losses < 4 % 

J.W. Beeman et al., Phys Lett B 710 (2012) 

Mo-Based compounds- ZnMoO4 
Successful R&D pursued within  lucifer before choosing ZnSe. 

Energy resolution compatible with CUORE detectors 

D Discrimination without  
light detection @ 14 σ  

Smeared D source 

β/J 
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L. Cardani et al.,  J. of Phys. G:  41 (2104)   075204  

L. Gironi et al., JINST 5  (2013) P P11007 

JW Beeman et al., Eur. Phys. J. C 72  (2012) 1 

JW Beeman et al., Astrop. Phys., 35  813 

Extreme radiopure: 2 Q decay mode 
Measured  in a R&D Run 

The fast 2 Q decay mode implies to increase the time   
response  of detector in order to get rid of the random  
coincidences 

LUCIFER @ LNGS: Zn82Se

LUMINEU & LUCINEU: Zn100MoO4

𝛾/𝛽


